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Abstract  17 
The inducement of plant leaf extracts for the synthesis of various nanostructures has intrigued 18 
researchers across the earth to explore the mechanisms of biologically active compounds present 19 
in the plants. Herein, a green route has been employed for the synthesis of bismuth oxychloride 20 
i.e. BiOCl-N, BiOCl-T and BiOCl-A using plant extracts of Azadirachta indica (Neem), Ocimum 21 
sanctum (Tulsi), and Saraca indica (Ashoka), respectively. In response to the green route, BiOCl 22 
was also synthesized by hydrolysis route without any plant extract (BiOCl-C). The size, shape, 23 
morphology, and stability of the as-prepared samples were examined by several microscopic and 24 
spectroscopic techniques. Interestingly, in the biosynthesized BiOCl certain favorable features 25 
such as hierarchical nano-flower morphology, higher porosity, higher specific surface area and 26 
narrower band gap were observed compared to BiOCl-C. The degradation of methyl orange 27 
(MO) and bisphenol A (BPA) using biosynthesized BiOCl were improved by 21.5% within 90 28 
minutes and 18.2% within 600 minutes under visible light irradiation, respectively. The 29 
photocurrent response, electrochemical impedance spectroscopy (EIS) and photoluminescence 30 
(PL) studies indicated the effective inhibition of the electron-hole pair recombination and 31 
enhanced photocatalytic activity of the biosynthesized BiOCl.     32 
Keywords: Bismuth oxychloride; Methyl orange; Bisphenol A; Azadirachta indica, Ocimum 33 
sanctum and Saraca indica; Photocatalysis 34 
1. Introduction 35 
In the recent past, semiconductor photocatalysis has been considered to be one of the 36 
most promising techniques for environmental remediation (Chen et al., 2010). The development 37 
and exploration of highly efficient photocatalyst with high catalytic performance and stability 38 
under natural sunlight continues to be an intriguing topic in the field of photocatalysis (Ong et 39 
al., 2016). Among the various photocatalysts, bismuth oxyhalides (BiOX, X= Cl, Br and I) have 40 
been widely investigated due to their high stability and excellent catalytic performance. The 41 
indirect transition band gap of BiOX causes the excited electrons to pass through a certain k-42 
space distance to reach the valence band, which results in inhibition of the electron-hole pair 43 
recombination (Huang and Zhu, 2008; Jiang et al., 2012; Ye et al., 2011). In addition, BiOX 44 
have layered structure with an internal static electric field perpendicular to each layer with 45 
induced dipoles that allows effective separation of the electron-hole pairs (Zhang et al., 2006; 46 
Zhang et al., 2014; Zhao et al., 2013). 47 
Among the BiOX, BiOCl has witnessed increased attention for its promising 48 
photocatalytic activity under ultraviolet radiations due to its layered crystalline structure 49 
comprising of [Bi2O2]
2+ layers interleaved between two slabs of Cl- (Kim et al., 2014; Zhao et al., 50 
2013). However, because of the wide band gap (3.3 eV) its photocatalytic performance is greatly 51 
confined under natural sunlight, and the difficulty of photogenerated charge carriers spatial 52 
separation exists as well (Bai et al., 2015). Until now, doping is considered to be one of the most 53 
effective methods to enhance the photocatalytic activity of different kind of photocatalysts and in 54 
this regard extensive research involving doping of BiOCl and other BiOX has been reported in 55 
the literature by various research groups. The virtues of doping including enhancement of solar 56 
absorption (Zhang et al., 2016), formation of heterojunction (Yang et al., 2016) and enhancing 57 
the catalytic sites (Feng et al., 2012), have been mentioned to advance the enhanced 58 
photocatalytic performance. However, these reports are mainly concentrated on the modulation 59 
and tuning of the optical and structural properties of BiOCl and other BiOX; concurrently, most 60 
these techniques are not ecofriendly and may inflict secondary pollution.              61 
The synthesis of nanostructures by non-toxic and environmentally benevolent biological 62 
methods which utilizes plant extracts has gained a lot of attention in the field of photocatalysis. 63 
One of the most common and important plants i.e. Azadirachta indica, Ocimum sanctum and 64 
Saraca indica are known to shelter a wide range of biologically active compounds known as 65 
phytochemicals. These phytochemicals in the leaf extract possess anti-oxidants, reducing and 66 
stabilizing properties that mediate the reduction of the metal ions into their respective 67 
nanostructures. The main phytochemicals present in Azadirachta indica, Ocimum sanctum and 68 
Saraca indica are flavones, aldehydes, amino acids, terpenoids, ketones, eugenol, glycoside, 69 
tannins, saponins etc. are mostly water soluble that provide stability to the nanostructures 70 
(Athiralakshmy et al., 2016; Bhuyan et al., 2015; Bindhani and Panigrahi, 2015). Benefitting 71 
from these properties, various nanostructures using Azadirachta indica, Ocimum sanctum and 72 
Saraca indica leaf extract have been synthesized, such as Ag nanoparticles (Ahmed et al., 2016; 73 
Jain and Mehata, 2017), Iron nanoparticles (Karthikeyan et al., 2016), ZnO nanoparticles 74 
(Bhuyan et al., 2015), titanium nanoparticles (Krishnasamyet et al., 2015) etc. To the best of our 75 
knowledge, BiOCl has never been synthesized via any plant leaf extract till date.  76 
Therefore, in the present work an economical and ecofriendly route has been envisaged 77 
for the synthesis of BiOCl with narrowed band gap using plant extracts of Azadirachta indica, 78 
Ocimum sanctum, and Saraca indica. The photocatalytic activity of the bio-synthesized and 79 
chemical synthesized BiOCl-N, BiOCl-T, BiOCl-A and BiOCl-C were examined for the 80 
degradation of MO and BPA under visible light irradiation. The influence of the plant extract 81 
type on the structural, morphological, optical and photocatalytic properties of BiOCl-N, BiOCl-82 
T, BiOCl-A and BiOCl-C was evidenced under visible light irradiation.  83 
2. Materials and methods 84 
2.1. Chemicals  85 
All the chemicals and reagents such as bismuth nitrate pentahydrate (Bi(NO3)3.5H2O), potassium 86 
chloride (KCl), Methyl Orange, and Bisphenol A were of analytical grade and used without any 87 
further purification. 88 
2.2. Preparation of plant extract 89 
All the three extracts were prepared by same procedure: briefly, 10 g of fresh finely cut leaves of 90 
Azadirachta indica, Ocimum sanctum and Saraca indica were boiled in 100 mL double distilled 91 
water for 30 minutes on a hot plate. The extracts were cooled down, filtered and used further for 92 
synthesis purpose. 93 
2.3. Synthesis of BiOCl-N, BiOCl-T, BiOCl-A and BiOCl-C 94 
For the synthesis of BiOCl-N, BiOCl-T and BiOCl-A, a modified version of hydrolysis route 95 
was followed (Mao et al., 2016). Typically, 2.425g of Bi (NO3)3.5H2O was dissolved in 100 mL 96 
distilled water containing 10 mL acetic acid, and the resulting solution was added to 8 mL plant 97 
extract under magnetic stirring. Then, the obtained solution was added dropwise to a 100 mL 98 
KCl solution (0.372 g of KCl dissolved in 100 mL distilled water) under vigorous stirring. The 99 
obtained solution was allowed to stir for 1 hour at room temperature and was kept in an oven for 100 
1 hour at 60° C. The resulting product was separated by centrifugation and washed three times 101 
with ethanol and double distilled water to remove the impurities. Finally, the products were dried 102 
in an oven at 60°C. BiOCl-C was synthesized by the same procedure; however, the usage of 103 
plant extract was avoided. 104 
2.4. Characterization 105 
The X-ray diffraction patterns of the as-prepared samples were measured on a Bruker D2-Phaser 106 
Diffractometer with a Cu Kα radiation source (λ=1.5418 A˚). X-ray photoelectron spectroscopy 107 
(XPS) measurements were performed on a PHOIBOS 150 MCD device with monochromatized 108 
Al Kα radiation (1486.69 eV) at 14 kV and 20 mA, and the pressure lower than 10
-9 mbar. The 109 
morphologies of the samples were examined by field emission electron miscroscope (Zeiss-110 
Sigma VP) equipped with an energy-dispersive X-ray spectroscope (EDS), Transmission 111 
electron microscope (TEM) observations were carried out on a FEI Technai G2 X-Twin (200 112 
kV). Surface area was estimated by BET method for which Nitrogen adsorption-desorption 113 
studies were carried out at 77 K using a Quanta Chrome NOVA 1000.The functional groups in 114 
the as-prepared samples were determined using Fourier transform infrared spectroscope (Agilent 115 
Cary 630). The optical properties were analysed by both UV-Vis diffuse reflectance spectra 116 
(DRS) (Shimadzu UV-1800)and photoluminescence spectra (Shimadzu RF-5301). 117 
2.5. Photocatalytic experiment 118 
The photocatalytic activity of the as-prepared samples was evaluated by photocatalytic 119 
degradation of methyl orange (MO) and bisphenol A (BPA). Experimental details were as 120 
follows: Initially, 50 mg of the photocatalyst was added to a 100 mL aqueous solution of MO (20 121 
mg L-1 or 10 mg L-1 BPA) in a 250 mL beaker. Four compact fluorescent lamps (28 W each) 122 
were used as the visible light source anda 50 g L-1 NaNO2 solution was used as a UV cut off 123 
filter. Prior to illumination, the slurry was stirred in the dark for 60 minutes to attain adsorption-124 
desorption equilibrium. The slurry was then exposed to visible light illumination under constant 125 
stirring. At certain time intervals, 3mL of the sample was withdrawn from the reactor, and 126 
separated by centrifugation. The absorbance of the supernatant was measured by UV-vis 127 
spectrophotometer at 465 nm for MO and 273 nm for BPA. The concentration of the 128 
photocatalyst was varied from 50-125 mg/100 mL for MO and BPA, respectively.The 129 
photogenerated intermediates in the photodegradation of BPA were analyzed by High 130 
performance liquid chromatography (HPLC, Shimadzu). Enable C18G (250 × 4.6 mm i.d., 5 µm) 131 
reversed phase column was used and a mixture of methanol and water (50:50 v/v) was used as a 132 
mobile phase witha flow rate of 1.0 mL/min. The intermediates were identified by 6520 133 
Accurate-Mass Q-TOF liquid chromatography-mass spectroscopy (LC-MS), Agilent 134 
Technologies instrument. The scanned range was m/z 50-500, and positive ions were monitored. 135 
2.6. Experimental setup and Statistical analysis 136 
(𝐶0−𝐶𝑡)
𝐶0
× 100 preliminary experiments were carried out to by one factor with time irradiation to 137 
optimize certain parameters such as photocatalytic concentration and time for the degradation of 138 
MO. Design of experiments (DOE) technique was performed on MINITAB 18 software to obtain 139 
a relationship among the vaiables. Two factors were taken into consideration for the 140 
experimental studies i.e. photocatalytic concentration of BiOCl-N and irradiation time of the MO 141 
solution under visible light as shown in Table 1. One factor at a time approach was employed for 142 
MO degradation to find the various levels for the orthogonal array. These experimental 143 
parameters were optimized using RSM by considering percent degradation of MO as the 144 
response variable. Same methodlogy was also performed for BPA.  145 
      146 
2.7. Reactive species detection 147 
The active species during the photocatalytic activity were identified by adding scavengers. Holes 148 
(h+), hydroxyl radical (.OH) and superoxide radical (.O2
-) were consumed by adding 1 mM 149 
sodium oxalate, 1 mM isopropanol and 1 mM benzoquinone, respectively. The method was 150 
similar to the former photocatalytic experiment. 151 
2.8. Electrochemical measurements 152 
The electrochemical studies were performed on a CHI 608E electrochemical system using a 153 
standard three-electrode system with a working electrode, a saturated Hg/HgO electrode, and a 154 
platinum wire as counter electrode. The working electrode was prepared by drop casting method: 155 
briefly, 2 mg of the material was ultrasonically suspended in 100 µL ethanol and 10 µL 156 
NAFION, of which 10 µL was then drop-casted on a piece of ITO slice with a fixed area of 1 157 
cm2. Photoelectrochemical properties were measured with a 150 W Xe arc lamp and 0.1 M KOH 158 
(pH 12.8) was used as the electrolyte. The electrochemical impedance spectroscopy (EIS) was 159 
recorded at 0.0 V versus Hg/HgO from 1 MHz to 10 mHz, respectively. 160 
3. Results and discussion 161 
3.1. Characterization of BiOCl-C, BiOCl-N, BiOCl-A and BiOCl-T photocatalysts 162 
XRD analysis was performed to examine the crystalline nature and diffraction patterns of the as-163 
prepared BiOCl-N, BiOCl-T, BiOCl-A and BiOCl-C as shown in Fig. 1(a).All the identified 164 
peaks can be indexed to the tetragonal BiOCl phase (JCPDS card No.06-0249) (Gao et al., 165 
2014). Furthermore, no peaks of any other phases were observed indicating the high purity of the 166 
samples. Interestingly, with the use of plant extracts the overall intensity of the XRD peaks 167 
decreased, indicating the degradation of crystallinity for BiOCl-N, BiOCl-T and BiOCl-A 168 
samples. The possible reason behind the decrease in crystallinity could be the generation of 169 
crystals defects in BiOCl lattice, which resulted in the charge imbalance and changed 170 
stoichiometry of the samples (Stan et al., 2015). 171 
The functional groups and chemical bonds of the as-prepared BiOCl-C, BiOCl-N, BiOCl-172 
A and BiOCl-T were examined by FTIR as shown in Fig. 1(b). The peak at 511 cm-1 was 173 
attributed to the stretching vibrations of the Bi-O bond (Cheng et al., 2013). The peak at 1605 174 
cm-1can be assigned to the bending vibrations of the –OH groups of the adsorbed water 175 
molecules and the corresponding stretching vibrations appeared at 3435 cm-1, respectively. The 176 
bands at 1087 cm-1, 1391 cm-1, 1485 cm-1 are ascribed to the adsorbed atmospheric CO2 during 177 
the synthesis process and processing the FTIR of the samples (Tadjarodi et al., 2015). 178 
The chemical composition and surface chemical states of BiOCl-C and BiOCl-N were 179 
examined by XPS as shown in Fig. 1(c-f), respectively. The XPS survey spectra in Fig. 1(c) 180 
shows the Bi, O and Cl peaks in the as-prepare BiOCl-C and BiOCl-N, which is consistent with 181 
the chemical composition of the samples. In the high resolution Bi 4f spectrum of BiOCl-C 182 
sample (Fig. 1d), the peaks at 158.0 eV and 163.3 eV were attributed to Bi 4f7/2 and Bi 4f5/2, 183 
indicating the presence of Bi3+ in the BiOCl-C sample (Di et al., 2014). For the high resolution 184 
Bi 4f spectrum of the BiOCl-N sample, the peaks were positioned at 158.3 eV and 163.6 eV. The 185 
peaks exhibited a 0.3 eV shift to the higher energy as compared to the peaks of the BiOCl-C 186 
sample, indicating the different chemical environment of Bi3+ in the BiOCl-N sample (Wang et 187 
al., 2013). The high resolution O 1s spectra of BiOCl-C and BiOCl-N samples are displayed in 188 
Fig. 1 (e). For BiOCl-C, the O 1s profile is asymmetrical and can be fitted to two symmetrical 189 
peaks located at 528.7 eV and 530.1 eV, respectively. The O 1s peak at 528.7 eV was attributed 190 
to the crystal lattice O atoms (Bi-O). The peak at 530.1 eV was attributed to the Bi-O bonds in 191 
the [Bi2O2] slabs of BiOCl (Yuan et al., 2016). For high resolution O 1s spectrum of the BiOCl-192 
N sample, the peaks were located at 529.0 eV and 530.4 eV. Similarly, this indicates the 193 
different chemical environment of O2- in the BiOCl-N and BiOCl-C samples. Fig. 1(f) displays 194 
the peaks with binding energy of 196.7 eV and 198.2 eV were ascribed to the Cl 2p for the 195 
BiOCl-C sample, and these peaks displayed a 0.3 eV shift to the 197.0 eV and 198.5 eV for 196 
BiOCl-N, respectively. All of the above results revealed that the as-prepared samples were 197 
mostly composed of BiOCl. 198 
 The EDS spectrum was further used to investigate the chemical composition of the as-199 
synthesized BiOCl-N sample as shown in Fig. 1(g), respectively. The corresponding peaks of Bi, 200 
Cl and O elements were detected, which are consistent with the results of XRD and XPS. 201 
 202 
 203 
Fig. 1. (a) XRD patterns, (b) FTIR spectra of BiOCl-N, BiOCl-T, BiOCl-A and BiOCl-C. XPS 204 
spectra of BiOCl-C and BiOCl-N samples: (c) survey, (d) Bi 4f, (e) O 1s and (f) Cl 2p, (g) EDS 205 
spectra of BiOCl-N. 206 
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The morphology of the as-prepared BiOCl-N, BiOCl-T, BiOCl-A and BiOCl-C were 207 
observed under FESEM and TEM. The SEM images (Fig. 2a-d) revealed that the individual 208 
samples possessed nanoflower like structures with varying size of the nanoplates from 50-400 209 
nm, respectively. With the introduction of plant extracts, an inherent change in the morphology 210 
of the BiOCl-N, BiOCl-T and BiOCl-A can be noticed, which was governed by the hierarchical 211 
structure of the nanoplates with high porosity. However, a significant decrease in the size of 212 
BiOCl-N nanoflowers can be observed as compared to the other samples, which implies that 213 
BiOCl-N would be more likely to have larger surface area as compared to BiOCl-C. 214 
The TEM images (Fig. 2e and f) further confirmed the smaller size of the BiOCl-N 215 
nanoflowers as compared to BiOCl-C. To obtain a deeper view, the as-prepared samples were 216 
further characterized with HR-TEM as shown in Fig. 2(g) and (h). Clearly, a highly crystalline 217 
pattern can be seen with clear lattice fringes in both the samples. The continuous lattice fringes 218 
with an interplanar lattice spacing of 0.344 nm and 0.335 nm matched well with the (101) atomic 219 
planes of the BiOCl-C and BiOCl-N, respectively. 220 
 221 
Fig. 2. (a, b, c and d) FESEM images of BiOCl-C, BiOCl-N, BiOCl-T and BiOCl-A, (e and f) 222 
TEM images of BiOCl-C and BiOCl-N, (g and h) HR-TEM images of BiOCl-C and BiOCl-N. 223 
The BET specific surface area and pore structure of the as-prepared BiOCl-C and BiOCl-224 
N were investigated using nitrogen adsorption-desorption measurements as shown in Fig. 3(a 225 
and b), respectively. The results revealed that the specific surface area of the BiOCl-N material 226 
was 35 m2g-1, which was almost three times to 12 m2 g-1 observed for BiOCl-C. The significant 227 
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increase in the surface area of BiOCl-N was attributed to the incorporation of Azadirachta indica 228 
leaf extract in the matrix of BiOCl. Hence, BiOCl-N with the larger specific surface area can 229 
absorb more active species and enable adequate photocatalyst-reactant contact, resulting in 230 
higher photocatalytic activity under visible light irradiation (Di et al., 2015). 231 
The UV-DRS was employed to examine the absorption properties of the as-prepared 232 
BiOCl-C, BiOCl-N, BiOCl-T and BiOCl-A as shown in Fig. 3(c), respectively. The BiOCl-C 233 
material showed an absorption onset at 386 nm, which corresponds to a band gap of 3.21 eV as 234 
estimated by Kubelka Munk theory (Fig. 3d). The absorption edge of the BiOCl-N, BiOCl-A and 235 
BiOCl-T materials displayed a red-shift toward the visible region with the absorption onset at 236 
about 426 nm, 421 nm and 416 nm, respectively. As shown in Fig. 3(d), the band gaps of BiOCl-237 
N, BiOCl-A and BiOCl-T materials were calculated and they were found to be 2.91 eV, 2.94 eV 238 
and 2.98 eV, respectively. The results revealed that the plant extracts mediated BiOCl-N, BiOCl-239 
A and BiOCl-T samples could be excited to generate more electron-hole pairs than BiOCl-C 240 
under visible light irradiation, which could result in enhanced photocatalytic activity.     241 
 242 
Fig. 3. (a, b) N2 adsorption-desorption isotherms and pore size distributions for BiOCl-C and 243 
BiOCl-N, (c, d) UV-Vis DRS and Plot of (αhυ)nv/s hυ of BiOCl-C, BiOCl-N, BiOCl-A and 244 
BiOCl-T. 245 
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3.2. Photocatalytic activity 246 
Fig. 4(a) shows the photocatalytic activity of the as-prepared BiOCl-C, BiOCl-N, BiOCl-247 
T and BiOCl-A samples by monitoring the degradation of MO under visible light irradiation. 248 
Almost no obvious MO degradation can be observed under visible light irradiation without the 249 
photocatalyst. The dark adsorption performance for MO over BiOCl-C, BiOCl-N, BiOCl-T and 250 
BiOCl-A was found to be 6.5 %, 14.7 %, 13.8 % and 13.9 %, respectively. The higher 251 
adsorptivity was mainly due to the large BET surface area and pore volume of BiOCl-N as 252 
compared to BiOCl-C. In the presence of the BiOCl-C under visible light irradiation, 62.5 % of 253 
MO degradation was observed. The plant extract mediated BiOCl-N, BiOCl-T and BiOCl-A 254 
samples exhibited considerable amount of MO degradation as compared to BiOCl-C, which were 255 
82.9 %, 78.2 % and 80.6 %, respectively after 90 minutes of visible light irradiation. In order to 256 
check the maximum degradation of MO, the photocatalytic concentration was varied from 50-257 
125 mg. As seen in Fig. 4(b-e), with increase in photocatalytic concentration, the degradation 258 
rate of MO by BiOCl-C, BiOCl-N, BiOCl-T and BiOCl-A further increased upto 70.3 %, 91.8 259 
%, 87.1 % and 88.9 %, respectively. It is interesting to note that, no significant difference in the 260 
photocatalytic activities of BiOCl-N, BiOCl-T and BiOCl-A was observed, suggesting the 261 
different plant extracts were almost equally responsible for enhancing the photocatalytic activity 262 
of BiOCl. 263 
The photodegradation processes were fit with a pseudo-first order kinetics model as shown in 264 
Fig. 4(f). 265 
                                   -ln (Ct/C0) = kt                                   (1) 266 
Where Ct is the dye concentration at time t, C0 is the initial dye concentration and k is the rate 267 
constant. The rate constants for BiOCl-C, BiOCl-N, BiOCl-T and BiOCl-A in MO degradation 268 
were found to be 0.010 min-1, 0.019 min-1, 0.016 min-1 and 0.018 min-1, respectively. The higher 269 
rate constant means lower activation energy (Ea) and higher degradation rate; hence, BiOCl-N 270 
showed much higher photodegradation efficiency towards MO than BiOCl-C. 271 
 272 
Fig. 4. Photodegradation efficiency of MO (a) with time, (b) with different concentrations of 273 
BiOCl-C, (c) with different concentrations of BiOCl-N, (d)  with different concentrations of 274 
BiOCl-T, (e) with different concentrations of BiOCl-A, (f) Kinetic linear simulation curves of 275 
MO over the samples. 276 
The photocatalytic activity of the BiOCl-C, BiOCl-N, BiOCl-A and BiOCl-T were 277 
further evaluated by examining the degradation of BPA under visible light irradiation 278 
(Supporting information, section S1). To explore the degraded products of BPA, the reaction 279 
intermediates were detected during the photocatalytic process using HPLC. Fig. 5a shows the 280 
degradation process of BPA, in which the decreasing peak occurred at 7.1 min, was attributed to 281 
BPA. After 60 minutes of visible light irradiation, an increasing peak that occurred at 3.8 min 282 
represented one of the degraded products of BPA, which represented 4-hydroxy-acetophenone. 283 
With increasing time, the peak intensity of 4-hydroxy-acetophenone became more prominent 284 
(Wang et al., 2016). 285 
To obtain the detailed information about the reaction mediates; the samples were 286 
examined under LC-MS/MS. As seen in Fig. 5b, the results revealed the existence of BPA and 4-287 
hydroxy-acetophenone, consistent with the literature (Loos et al., 2010). 288 
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 289 
Fig. 5. (a) HPLC spectra of BPA degradation over BiOCl-N under visible light irradiation. (b) 290 
Mass spectra of BPA and 4-hydroxyacetophenone.  291 
In order to assess the repeatability and stability of the plant extract mediated BiOCl-N, 292 
BiOCl-A and BiOCl-T under visible light, the as-prepared samples after every 90 minutes and 293 
600 minutes of photocatalytic activity with MO and BPA were collected through centrifugation. 294 
The samples were washed several times with double distilled water and reused in the 295 
photocatalytic reactions five times under the same conditions (Supporting information, Section 296 
S2). 297 
3.3. Statistical analysis 298 
After the addition of BiOCl-N in the MO solution the degradation of the dye was analyzed using 299 
L12 Taguchi orthogonal array method (Table 1). 300 
Table1. Factors with their respective variability     301 
Factors                   Level 1             Level 2            Level 3                     Level 4                   Units 
Catalyst amount     50 (A1)             75 (A2)           100 (A3)                   125 (A4)                  mg/L                                        
Irradiation time      10 (B1)              50 (B2)           90 (B3)                                                     Min. 
   302 
The degradation of MO was performed for two trials to check the repeatability and the mean of 303 
the trials was obtained as response (Table 2). 304 
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Table2: Taguchi orthogonal array for MO degradation  305 
Exp. No. Photocatalytic concentration 
(mg/L) 
Irradiation time 
(min.) 
% degradation 
1 50 10 41.15 
2  50 50 67.34 
3 50 90 82.95 
4 75 10 43.89 
5 75 50 71.81 
6 75 90 86.56 
7 100 10 47.28 
8 100 50 76.79 
9 100 90 91.34 
10 125 10 47.95 
11 125 50 77.19 
12 125 90 91.88 
 306 
ANOVA was implemented to evaluate the effect of the parameters i.e. photocatalytic 307 
concentration and irradiation time on the response variable (percent degradation of MO). The 308 
results are summarized in the table 3. The results revealed that both the photocatalytic 309 
concentration and irradiation time played a key role in the degradation of MO. 310 
Table3. ANOVA table for MO degradation  311 
Source D.O.F Sum of 
squares 
Mean 
squares 
F-value P-value  
Photocatalytic 
concentration  
(mg/L) 
2 96.06 48.03 65.89 <0.001 Significant 
Irradiation time 
(min.) 
2 2836.57 1418.29 1945.58 <0.0001 Significant 
Error 4 2.92 0.73 - - - 
Total 8 2935.55 - - - - 
 312 
 Response surface methodology technique was employed to optimize the MO degradation 313 
with respect to the variables i.e. photocatalytic concentration and the irradiation time. A 314 
relationship between the variables and the percent MO degradation was obtained as given below: 315 
% degradation = 68.84 – 5.03 Catalyst (50 mg) – 1.42 - Catalyst (75 mg) + 2.959 Catalyst (100 316 
mg) + 3.496 Catalyst (120 mg) - 23.77 Irradiation time (10 min) + 4.43 Irradiation time (50  min) 317 
+ 19.33 Irradiation time (90 min).                                                                       (2) 318 
The predicted values for MO degradation were determined by the substitution of the parameters 319 
value from Table 3 into Eq. [2]. Both the actual values and the predicted values were tabulated 320 
for comparison as shown in Table 4. The results revealed that the predicted values are in 321 
agreement with the actual values. Furthermore, R2 value for the model was determined to be 322 
93.74 %. 323 
Table4. Actual and predicted values for MO degradation (%). 324 
Exp. No. Actual Predicted % Error 
1 41.15 40.24 2.42 
2 67.34 71.59 4.86 
3 82.95 86.56 0.37 
4 43.89 43.84 0.56 
5 71.81 71.72 0.71 
6 86.56 86.69 0.34 
7 47.28 48.23 0.21 
8 76.79 76.10 0.89 
9 91.34 91.07 0.41 
10 47.95 48.86 0.29 
11 77.19 76.77 0.67 
12 91.88 91.67 0.19 
 325 
The optimized values obtained for the parameters were found to be 100 mg/L 326 
(photocatalytic concentration) and 90 min. (irradiation time). The maximum MO degradation 327 
obtained at these optimized values of the parameters was 91.36 %.   328 
3.4. Photocatalytic mechanism 329 
The electrochemical studies were carried out to investigate the separation of the photogenerated 330 
electron-hole pairs. The transient photocurrent response of the as-prepared BiOCl-C, BiOCl-N, 331 
BiOCl-A and BiOCl-T were recorded for several on-off cycles of light irradiation. As shown in 332 
Fig. 6a, upon light irradiation the photocurrent increased sharply and returned quickly to its dark-333 
current state when the light was turned off. The photocurrent response was reproducible and 334 
steady during several intermittent on-off irradiation cycles. The plant extracts mediated BiOCl-335 
N, BiOCl-A and BiOCl-T samples exhibited a significantly enhanced photocurrent response 336 
compared to BiOCl-C, which indicated that the recombination of the photogenerated electron-337 
hole pairs was remarkably inhibited.  338 
 Electrochemical impedance spectroscopy (EIS) measurements were carried out to 339 
examine the recombination and charge transfer processes at solid-electrolyte interfaces. As 340 
shown in Fig. 6(b), the diameter of the arc radius on the EIS Nyquist plot of the BiOCl-N, 341 
BiOCl-A and BiOCl-T samples electrode was smaller than that of BiOCl-C under light 342 
irradiation, which further indicated a more efficient and enhanced separation of the 343 
photogenerated electron-hole pairs and relatively quicker interfacial charge transfer (Ao et al., 344 
2013; Fu et al., 2008). 345 
 To further investigate the charge transfer, migration and recombination process in the as-346 
prepared samples, photoluminescence spectra was carried out. As shown in Fig. 6c, BiOCl-C 347 
exhibited a strong emission peak at around 365 nm, which indicated a fast recombination of the 348 
photogenerated electron-hole pairs. However, with the incorporation of plant leaf extract in the 349 
BiOCl-N matrix, the intensity of the emission peak quenched significantly, indicating an 350 
effective inhibition of the electron-hole pair recombination. The results of PL study are 351 
consistent with the photocurrent response and EIS studies, which confirms that the introducing 352 
different plant extracts in the BiOCl structure is an effective way to enhance the photocatalytic 353 
efficiency.  354 
 355 
Fig. 6. (a) Transient photocurrent response of BiOCl-C, BiOCl-N, BiOCl-A and BiOCl-T, (b) 356 
EIS of BiOCl-C, BiOCl-N, BiOCl-A and BiOCl-T, (c) Photoluminescence spectra of BiOI-C 357 
and BiOI-N, (d) Photodegradation of MO by BiOCl-N in the presence of different scavengers. 358 
The valence band (VB) and conduction band (CB) of BiOCl-N and BiOCl-C can be 359 
calculated by the following Eq. [2] (Xu and Schoonen, 2000) and Eq. [3] (Huang et al., 2014) 360 
                                        EVB = X-E
e + 0.5 Eg                                                 (2) 361 
                                        ECB= EVB– Eg                                                               (3) 362 
Where X is the absolute electronegativity of the semiconductor, which is defined as the 363 
geometric mean of the absolute electronegativity of the constituent atoms, Ee is the energy of free 364 
electrons on the hydrogen scale (ca. 4.5 eV), Eg is the band gap of the semiconductor. EVB and 365 
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ECB for BiOCl-N and BiOCl-C were calculated to be 3.3 eV and 0.4 eV, 3.4 and 0.2, 366 
respectively. 367 
Trapping experiment was carried out to explore the major active species responsible for 368 
the degradation of MO under visible light by adding different scavengers (Sodium oxalate for h+, 369 
Isopropanol for .OH and Benzoquinone for .O2
-).  As shown in Fig. 6d, an obvious inhibition of 370 
the photocatalytic activity was observed; the degradation efficiency was evidently decreased in 371 
all the cases. It suggests that all the three scavengers played a major role in the photo-oxidation 372 
process. 373 
Based on the above observations, it can be inferred that plant leaf extracts can 374 
significantly enhance the photoelectrical and catalytic activities of BiOCl. Hence, a possible 375 
mechanism of enhanced degradation of MO and BPA by BiOCl-N is elucidated as shown in Fig. 376 
7, respectively. Upon visible light irradiation, BiOCl-N is excited and electronic transition occurs 377 
at a rapid rate. The excited electrons in the C.B react with the O2 molecules, which are adsorbed 378 
on the surface of photocatalyst to produce .O2-, leave behind photogenerated h+ in the valence 379 
band. The holes remaining in the V.B react with the H2O molecules to produce .OH radicals. The 380 
major active species i.e. .OH, .O2- and h+ actively participates in the chemical reaction with the 381 
MO molecules to yield the degraded products. The photogenerated h+ were the major active 382 
species that solely took part in the photodegradation of BPA. 383 
 384 
Fig. 7. Photocatalytic degradation mechanism for MO and BPA by BiOCl-N. 385 
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4. Conclusion 386 
In summary, a novel green approach has been adopted to study the role of different plant leaf 387 
extracts i.e. Azadirachta indica, Ocimum sanctum, and Saraca indica as photocatalytic activity 388 
tailoring agents in BiOCl. The modified synthesis method is green, economically viable and 389 
ecofriendly. The plant extracts provided some additional features to BiOCl which can be 390 
discussed as follows: Firstly, the plant leaf extracts imparted their respective colors to the BiOCl, 391 
which resulted in the red-shift and narrower band gap and, thus enhanced the absorption of 392 
visible light for higher photocatalytic activity. Secondly, the plant leaf extract acted as a natural 393 
template and stabilizer for BiOCl, which controlled the size of the nanoplates and provided 394 
higher surface area and porosity. Thirdly, the slightly higher photocatalytic activity of BiOCl-N 395 
as compared to the BiOCl-A and BiOCl-T samples could be attributed to the unmarked 396 
phytochemicals present in the Azadirachta indica leaf extract that took part in the stabilizing 397 
process of BiOCl-N; however, further research can be conducted in the future to identify these 398 
main constituents responsible for cause of action. Furthermore, the observed results of MO 399 
degradation revealed that the visible light irradiation time and the photocatalytic concentration 400 
had a significant effect on the percent degradation of MO. Also, the proposed models 401 
successfully predicted the degradation efficiency of MO under visible light irradiation.  402 
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